Lanthanum and cerium bromides and chlorides form isomorphous alloy systems with the UCl 3 type structure. These scintillating alloys exhibit high luminosity and proportional response, making them the first scintillators comparable to room temperature semiconductors for gamma spectroscopy; Ce(III) activated lanthanum bromide has recently enabled scintillating gamma ray spectrometers with < 3% FWHM energy resolutions at 662 keV. However brittle fracture of these materials impedes development of large volume crystals. Low fracture stress and perfect cleavage along prismatic planes cause material cracking during and after crystal growth. These and other properties pose challenges for material production and post processing; therefore, understanding mechanical behavior is key to fabricating large single crystals, and engineering of robust detectors and systems.
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INTRODUCTION AND BACKGROUND
Lanthanum halide scintillators have attracted much interest since their discovery several years ago 1, 2, 3, 4, 5 . These scintillators exhibit light yields, decay times, and proportionality, which have enabled the first scintillating gamma ray spectrometers competitive with room temperature semiconductors 6 . This is shown graphically in Figure 1 , which compares the response of a commercially available 7 LaBr 3 crystal to a published CZT coplanar grid spectrum 8 . While the traditional metric of FWHM @ 662kev is slightly better for the CZT device, its deviation from an ideal Gaussian response is evident when compared with LaBr 3 at the 1/10 th max, where the scintillator has virtually the same width. It will also be appreciated that with more than 40 cm 3 active volume, this LaBr3 crystal will enable radioisotope identification with far greater statistics and shorter integration times than the largest commercially available CZT detectors, at lower cost.
Figure 1.
Comparison of lanthanum bromide and CdZnTe gamma ray spectra. Note that the full width half maximum for LaBr 3 is somewhat greater than that of CZT, whereas the widths at 1/10 th max are virtually the same. Inset shows the LaBr 3 photopeak enlarged and fit to a Gaussian distribution. LaBr 3 data from SAIC human portable radioisotope detection program; CZT spectrum from P. N. Luke, et al., reference 8.
The lanthanide halides are thus sufficiently developed to enable practical applications for small scale devices such as hand held instruments, however increasing the active volume to larger sizes has proven difficult. These larger sizes, which are easily produced for workhorse scintillators like CsI and NaI, are needed for applications in nuclear nonproliferation and homeland security. Thus basic studies of the materials science of the lanthanide halide system are needed to determine the causes of cracking, and develop strategies to scale the crystal grow to larger size.
The physics and chemistry of lanthanide halides have been investigated for many years, due to their important uses in catalysis and chemical synthesis. A review of the extensive literature prior to 1969 was published in the comprehensive monograph by D. Brown 9 , and updated reviews have appeared periodically over the years through 2003 in the Handbook on the Physics and Chemistry of Rare Earths 10 . It is important to review the possible crystal structures of the system of alloys, to find potential thermodynamic sources of stress and cracking such as precipitation or solid phase transformations. Table I is a compilation of structure data for the complete system of Ln(III) halides showing the variety and trends in structure exhibited. The occurrence of nine-fold coordination is seen to hold for the known end members of the scintillator system. The bromides and chlorides of both La and Ce exhibit the uranium chloride structure, which can therefore reasonably be expected over the full alloy range, giving a simple isomorphous phase diagram. This bodes well for crystal growth of the alloys, and reduces the chances that precipitates may form due to phase instability, as the similarity of the La and Ce would not be expected to cause a miscibility gap. Source: reference 10
The chemical stability of the trivalent cations is also of concern, as this can also be a source of stress-inducing phase changes, or reactions interfering with the scintillation process. For example, it is known that Ce(III) activator will be quenched in the case of a possible redox to Ce(IV). 11 The occurrence of reduced halides of the lanthanides is compiled in Table II , below. While all of the lanthanides are known to form some reduced halides, it is seen that neither Ce nor La are known to form reduced halides with halogens lighter than iodine, indicating the stability of the scintillating alloys should be maintained. The uniformity and stability of the structure of these alloys is fortuitous, and give confidence that this system can be the basis of a robust detector technology. In spite of this, the known problems with cracking of large ingots must be diagnosed and mitigated to enable scale-up needed for important applications.
EXPERIMENTAL RESULTS
Experimental results from a number of studies are reviewed below. Details on mechanical property and other measurements by the team are reported in related work in these proceedings. Only highlights and discussion of implications for material processing are included below.
Thermal expansion
To determine likely causes of cracking during processing, fundamental measurements on the thermal and mechanical properties have been performed. Thermal expansion in uniaxial crystal structures is not generally isotropic; therefore measurements of coefficients of thermal expansion (CTE) along the principal axes were made. Oriented single crystal specimens of pure LaBr 3 produced at SAIC by the high pressure Bridgman process were cut and lapped for testing using a push rod system. It was found that the caxis CTE is the minimum value, about 8 ppm /˚C, which appears lower than some easily produced scintillators. However pronounced anisotropy was found when CTE was measured in off-axis directions, as summarized in Figure 2 . It is seen that orthogonal CTE is 28 ppm /˚C, giving anisotropy ratio of about 3.8 for this material. 
Differential thermal analysis
To determine the solidus curve for the LaBr 3 -CeBr 3 pseudobinary alloy system, initial studies of the melting behavior for the end members were performed, beginning with the lower melting CeBr 3 . Samples of as-received beads of high purity materials from Aldrich were loaded inside a nitrogen purged glove box into 70 micro-liter alumina crucibles. The crucibles were kept under nitrogen until they were transferred to the DTA/TGA balance, which was immediately closed and purged with N2.
This procedure kept the material from being exposed to laboratory air and precluded the formation of significant hydrate, as can be seen by the melting curve in Figure 3a . As predicted by the Ce-Br phase diagram 12 , only the sharp melting transition of the compound is seen near 632 ˚C. The melt was heated to above the melt temperature used during crystal growth, and then a second melting cycle was recorded. It is clear from the result in Figure 3b that a loss of bromine occurred during the temperature cycle under flowing nitrogen, since all of the phase transitions from the eutectic temperature through the melting of pure Ce were detected. Similar results were observed for the LaBr 3 end member, having serious implications for melt processing. Data obtained on the mass changes during sample heating confirmed that some loss of volatile species occurs during heating. Additional studies on partially hydrated specimens indicate loss of water at low temperature in flowing gasses, in agreement with literature results 10 .
DTA mass spec
The above results prompted more detailed studies to determine the conditions causing decomposition of the scintillating compounds. Samples of CeBr 3 were again studied using a DTA/TGA equipped with mass spectroscopy to detect the species being vaporized as a function of temperature. Some results are shown in Figure 4 below. On the left, mass/charge numbers of 1 H 79 Br and 1 H 81 Br are perfectly correlated with evolution of water at low temperatures, dying away with the conversion of the hydrate above 200 ˚C, while the plot on the right shows bromine losses at high temperature correlate only with species associated congruent evaporation of CeBr 3 , as is reasonably expected. Therefore the decomposition may be a byproduct of water contamination of the as-received samples. 
Mechanical properties
Mechanical testing was carried out by Washington State University to estimate the strength, fracture toughness and character of cracking in LaBr 3 and other materials. For details see the submission by K.O. Findley in theses proceedings.
Summary of results
A summary of the above and other results reported in these proceedings is given in Table III .
Table III SUMMARY OF RESULTS
• Thermogravimetric Analyses -Rapid formation of surface hydrate or other contamination during handling affects volatilization 
DISCUSSION
From the literature and observations reported here it is known that cerium and lanthanum halides comprise simple alloy systems with the UCl 3 type structure. We have shown that these crystals exhibit highly anisotropic thermal expansion, and perfect cleavage on prismatic planes. Mechanical measurements indicate low fracture toughness, modulus, and yield strength of LaBr3 single crystals. Therefore it is likely that peculiarities of the crystal structure play a dominant role in the cracking problems associated with scale-up, and a thorough review of the structure is in order.
Structure of LaBr 3
The structural parameters for LaBr 3 are collected in Tables IV A and B below. It is seen that only one kind of each atom exists in the structure, and their placements are indicated in Table IV A. The lattice parameters and ionic radii are listed in Table IV B. Notable features include the hexagonal symmetry and low c/a ratio for this material. To visualize the crystal structure begin by placing atoms in a primitive cell projected onto the basal plane, Figure 5 , which shows the atoms set ¼ c above the basal plane. Since there is only one type of each atom, the full crystal structure can now be generated simply by operation of the symmetry elements implied by the P63/m space group. Alternatively, the remaining atom positions can be derived by operation of just the 6 3 screw axis and the lattice translations. The screw axis implies both 6-fold rotation and translation along the axis, resulting in new positions alternating above-and below-the plane. The remaining positions are generated by lattice translation along a, b and c. The result is seen in Figure 6 . The full crystal structure exhibits hexagonal symmetry, and open channels lying along the c direction reducing the packing density of this material. The bromine ions (red) neighboring a particular lanthanum ion (green) are connected with dark lined in the figure to emphasize the nine-fold coordination of the lanthanum (the three dotted bromine ions below the plane produce three equivalent bromines directly over these position by c-translation). The structure can be represented as clusters of these polygons, known as tricapped trigonal prisms. A perspective view of a tricapped trigonal prism is seen in figure 6 . Analysis of the geometry reveals that although all bromine ions are equivalent, two bromine-lanthanum bond lengths are present giving each lanthanum six nearest neighbors above and below, and three second neighbors coplanar with the lanthanum. This feature may hold clues to the mechanical behavior of the material. 
Dislocations in LaBr 3
NaI and CsI are cubic materials which are soft and easily forged to produce polycrystalline transparent scintillators, with little or no possibility of cracking. The ductility in these systems is related to their cubic structures, in which many dislocation slip systems are active. To understand the brittle character of LaBr 3 , a preliminary analysis of possible dislocation systems was made.
The elastic strain energy induced in a crystal by the presence of a dislocation is given to first order by the product of the shear modulus and the square of the Burgers vector of the dislocation, Gb 2 . Since the possible Burgers vectors can be considered lattice translations for perfect dislocation, the relative energies of the simplest dislocation are easily calculated and compared. Table V shows the magnitudes and relative energies for both the a-and c-axis dislocations. It is seen that the low c/a ratio makes slip in the c-direction strongly preferred over slip on the basal plan (the common for slip plane for many hexagonal crystals). The case of a dissociated basal dislocation was also considered, by resolving the perfect a-translation into partials. The reduction in line energy is modest, and will be offset stacking fault energy, so that this decomposition is not probable. From the above, it appears likely that c-axis slip is strongly preferred in LaBr 3 . Since the slip planes must contain the Burgers vector, they must be parallel to the c-axis; that is perpendicular to the basal plane. Since the c-direction is unique in uniaxial crystals, this bodes for a limited number of slip systems, which may account for the observed lack of ductility, and the profusion of cracking in the material.
Slip and cleavage planes
To analyze the structure for potential slip systems, the closest packed plane in the structure must be identified. The search is restricted by the requirement of the slip direction parallel to the c-axis; therefore a model of the bulk structure viewed from the perspective of the c-axis was plotted in Figure 8 . In this view one can identify the closest packed planes as the same [11.0] or prismatic plane identified with cleavage in the crystals.
This feature of the structure seems to highly favor fracture over plastic deformation for relief of process induced stresses, because plasticity in this system will actually redistribute the bulk elastic strain energy into the dislocation strain fields on the cleavage plane. This process increases the probability of catastrophic failure as critical flaws develop at dislocation pile-ups on the cleavage planes. The strong propensity to cleave exactly on these planes can also be predicted from the structure, by consideration of the bond lengths in the tricapped trigonal prism, Figure 7 . Assuming that the material will partition only by breaking of second neighbor bonds automatically produces the prismatic surfaces from this structure. These are also densely packed planes, strongly suggesting that slip and cleavage planes are identical.
CONCLUSIONS
Cerium and Lanthanum halides comprise simple alloy systems with the UCl 3 type structure. Crystals show highly anisotropic thermal expansion and perfect cleavage on prismatic planes. Mechanical measurements indicate low fracture toughness, modulus, and yield strength of LaBr3 single crystals. Analysis indicates easy slip in the c direction redistributes residual process stress on prismatic planes, causing cleavage. A "nearest neighbor rule" naturally predicts cleavage on prismatic planes, which are densely packed, and contain the energetically favored Berger's vector. These features indicate slip and cleavage planes are identical, causing the limited ductility and profusion of cracking in this system.
Based on this analysis, c-axis seeded growth is essential to avoid shear stresses on prismatic planes, and possibly the most significant technical issue for scaling the crystal growth process is management of thermal and mechanical stresses. If so, production of larger crystals and detectors will be facilitated by improving yield strength of the material, and developing low-stress seeded growth processes. Work to apply solid solution strengthening methods in collaboration with Kansas State University is in progress, as reported elsewhere in these proceedings (Harrison and Doty).
Further work on mechanical properties to determine elasticity constants, slip systems and high temperature deformation mechanisms to enable predictive modeling of stress and fracture during processing is in progress, in collaboration with Washington State University. Sandia will also continue to research thermodynamic and thermophysical properties, determine phase diagrams, solubility limits and segregation of strengthening agents.
